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Bi4Ti3O12 (BIT) coprecipitated powders sinter in the presence of
a transitory liquid phase, which strongly enhances the diffusion
of matter and also the anisotropic growth of BIT grains. How-
ever, by coating the surface of BIT particles with WO3 the as-
pect ratio of the platelets can be controlled. This, in addition to
the donor effect of tungsten, ﬁnally leads to a decrease of the
electrical conductivity of these ferroelectric ceramics.
I. Introduction
BISMUTH TITANATE (BIT) is one of the most studied com-pounds among the bismuth-based layered ceramics because
of its ferroelectric properties and lead-free nature. It is a high-
temperature ferroelectric ceramic (Tc5 6501C) with useful prop-
erties for optical memory, high-temperature piezoelectric and
electro-optic devices.1–3 However, like most of the bismuth lay-
er-type compounds, BIT shows a marked anisotropy in its elec-
tric, ferroelectric, and piezoelectric response, the origin of which
should be found on the characteristic crystal structure of these
materials.4 In the particular case of BIT, this can be described as
formed by three unit cells of BiTiO3 with a perovskite-like struc-
ture, interleaved with (Bi2O2)
21 layers;5 the crystal anisotropy is
then reﬂected in the grain growth habit: typical microstructure
of BIT-based ceramics shows platelet-like grains that grow pref-
erentially in the ab plane.6,7 Such microstructure plays a critical
role in the electrical properties of BIT with, for example, the
electrical conductivity being dependent on the aspect ratio
(length to thickness) of those platelet-like grains.7 In fact, one
of the major difﬁculties in using BIT ceramics in piezoelectric
applications is this high electrical conductivity on the ab plane,
which strongly interferes with the poling process.8 As a conse-
quence, current research on BIT ceramics is largely focused on
the decrease of the anisotropic electrical conductivity, and one
main approach is being exploited in this sense: doping with do-
nor dopants signiﬁcantly decreases the electrical conductivity by
compensating the concentration of both holes and oxygen va-
cancies. Best results have been obtained using transition metals
of groups V and VI, like mainly Nb51, V51, and W61.9–12 In all
cases, dopants were incorporated into the BIT lattice by a
solid-state conventional route, mixing the constituent oxides.
However, the dependence of the electrical conductivity on the
microstructure also makes ceramic processing a critical step for
achieving BIT ceramics with potential applications. In this way,
efforts should also be made to obtain microstructures with
smaller aspect ratio, but this cannot be easily attained by con-
ventional processing because of the kinetic limitations of the
process itself. In the present contribution, we face this goal by
doping the surface of BIT particles with WO3. By using this
method, tungsten is incorporated into the lattice of the BIT
phase at low temperatures and then, in addition to its donor
effect, it exerts a strong inﬂuence on the grain growth kinetics of
BIT ceramics by slowing down the grain boundary diffusion
processes. An effective control of the microstructure with a re-
duced aspect ratio is thus achieved.
II. Experimental Procedure
Surface modiﬁcation of BIT particles with WO3 was obtained as
follows: polycrystalline samples of nominal composition Bi4-
Ti3WxO1213x (0rxr0.08) were ﬁrst prepared by a coprecipita-
tion method; stoichiometric amounts of Ti(C4H9O)4 C4H9OH
(Alfa Aesar, Karlsruhe, Germany) and Bi(NO3)  5H2O (Riedel,
Seelze, Germany) were dissolved in acid ethanol solution, and
the corresponding hydroxides were precipitated at pH5 9 by
adding NH4OH. After washing, the obtained powders were ca-
lcined at 6501C for 1 h. These ﬁring conditions were chosen to
obtain the maximum amount of single-phase BIT without sig-
niﬁcant growth of the platelets. The X-ray diffraction (XRD)
pattern in Fig. 1 initially suggests the presence of single-phase
BIT after this calcination step. The calcined powders were dis-
persed in ethanol and the corresponding amount of WO3 pre-
cursor, W(C2H5O)6 (Alfa Aesar), was ﬁnally added to the
suspension. After drying at 601C, BIT-doped powders were uni-
axially pressed at 200 MPa and sintered in air at temperatures
ranging from 8001 to 11501C with 2 h soaking time. Samples
were labeled as BIT (x5 0), BITW2 (x5 0.02), BITW5
(x5 0.05), and BITW8 (x5 0.08).
Coating of BIT particles was veriﬁed on a Hitachi 7100 trans-
mission electron microscope (TEM) (Tokyo, Japan). Once sin-
tered, the apparent density of the samples was measured by the
Archimedes method in water. The shrinkage process during
sintering was followed using a Netzch 407/E dilatometer (Selb/
Bavaria, Germany ) and the microstructure of the sintered com-
pacts was analyzed on a cold ﬁeld emission scanning electron
microscope (FE-SEM, Hitachi S-4700) supplied with an energy-
dispersive spectroscopy (EDS) microprobe. The grain size and
aspect ratio of BIT platelets were evaluated from FE-SEM mi-
crographs by an image processing and analysis program and
more than 500 grains were considered for each measurement.
Electrical measurements were done on Ag electroded disks of 1
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mm thickness. AC conductivity was analyzed by complex im-
pedance spectroscopy in a temperature range from 4001 to
6501C.
III. Results and Discussion
The TEM image of Fig. 2 evidences the surface coating (around
10 nm thickness) of BIT particles after adding the W61 precur-
sor on the precipitated BIT powder. As inferred from the mi-
crograph which shows three or four particles joined together, the
coating is preferentially located in between the particles pro-
moting an appreciable agglomeration.
Dilatometric measurements depicted in Fig. 3 evidence a sim-
ilar shrinkage pattern for all compositions, with no signiﬁcant
differences between the undoped BIT and the W-doped systems.
Hence, as a ﬁrst approach it seems therefore that the surface
modiﬁcation of BIT coprecipitated particles with tungsten is not
inducing a different sintering behavior of the ceramics. This
makes a ﬁrst difference with solid-state processing strategy, in
which the sintering temperature gradually increases with the ad-
dition of dopant.13 Besides it is also noticeable that in these co-
precipitated systems, the beginning of the shrinkage and the
whole sintering process itself take place at temperatures 2001C
lower than in the case of samples prepared by the mixed oxide
route.13,14 Essentially this could be expected for a highly reactive
system composed by in situ coprecipitated particles, but a more
clear justiﬁcation is found when looking into the microstructure
of these samples. Figure 4 shows SEMmicrographs correspond-
ing to undoped BIT and BITW5 after sintering, respectively, at
8001C/2 h and 8501C/2 h (temperature of their maximum den-
sity as we will see later). As observed, and once again indepen-
dently of the W content, both compositions show a
microstructure comprised of two phases: together with the
gray matrix corresponding to BIT, a white brighter secondary
phase with a composition qualitatively close to Bi12TiO20 (see
EDS analyses in Table I) is also present in these ceramics. In
other words, instead of a single-phase BIT-based system a two-
phase microstructure is obtained. In fact these results are in
agreement with the phase diagram of the Bi2O3–TiO2 binary
system,15 which shows that at low temperatures the BIT phase
can coexist with a Bi12TiO20 phase that at higher temperatures
reacts to form more BIT.16,17 The presence of this secondary
phase in our systems should be attributed to the calcination
Fig. 2. Surface coating of BIT particles with tungsten (transmission
electron micrograph of BITW8 composition). BIT, bismuth titanate
(Bi4Ti3O12).
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Fig. 3. Linear shrinkage as a function of heating temperature for com-
positions obtained by coprecipitation method.
Fig. 4. Scanning electron micrographs of polished nonetched surfaces
of: (a) BIT undoped sample sintered at 8001C/2 h and (b) BITW5 sample
sintered at 8501C/2 h. (Dark regions corresponding to pores.) BIT, bis-
muth titanate (Bi4Ti3O12).
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Fig. 1. X-ray diffractogram for Bi4Ti3O12 coprecipitated powders after
calcination at 6501C/1 h. All peaks corresponding to Bi4Ti3O12 phase.
Table I. Semi-Quantitative EDS Analysis of (a) the Matrix
and (b) the Brighter Phase, Observed in SEM Images of
Fig. 4(a)
Element Weight % Atomic % Compound %
(a)
O 16.03 63.03 0.00
Ti 11.55 15.17 19.27
Bi 72.42 21.80 80.73
(b)
O 11.16 60.63 0.00
Ti 1.73 3.13 2.88
Bi 87.12 36.24 97.12
EDS, energy-dispersive spectroscopy; SEM, scanning electron
microscope.
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performed at 6501C for 1 h. As mentioned in the experimental
section, these ﬁring conditions were chosen to obtain the max-
imum amount of single-phase BIT without signiﬁcant growth of
the platelets. Although XRD of the calcined powder showed
single BIT phase (Fig. 1), the results of SEM–EDS analyses
evidenced that a small amount of secondary Bi12TiO20 phase
(under the detection limit of XRD) is actually formed at this
temperature; increasing the temperature or the calcination time
will lead to single BIT phase, but at the expense of an undesir-
able bigger grain size and bigger aspect ratio of the platelets.
Furthermore, at the temperatures used for sintering the materi-
als studied in this work, Bi12TiO20 phase is liquid
(MP5 7951C).15 Therefore in our systems, we are dealing with
the formation of a transitory liquid phase, the presence of which
could play an important role in the sintering: it will act as a
sintering aid favoring the densiﬁcation process. This explains
why these coprecipitated systems start to sinter at lower tem-
peratures than in the case of mixed oxide compositions. On the
other hand, the presence of a liquid phase, even though transi-
tory, could also lead to an undesirable incontrollable growth
of the platelets. This is not happening due to the presence of
tungsten.
(1) Inﬂuence of W Addition
According to the dilatometry measurements, no signiﬁcant
differences appear in the shrinkage behavior of coprecipitated
compositions when different amounts of tungsten were incor-
porated. This was understood from the fact that the transitory
liquid phase governs the shrinkage process in all cases. However,
subtle differences come to light when depicting the density of the
samples as a function of temperature (Fig. 5). As observed, the
addition of dopant prompts a movement of the densiﬁcation
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Fig. 5. Theoretical density as a function of sintering temperature for
BIT-based compositions (soaking time52 h). BIT, bismuth titanate
(Bi4Ti3O12).
Fig. 6. Scanning electron micrographs of polished and thermally etched surfaces of: (a) BIT-undoped sample sintered at 8001C and (b) BITW2, (c)
BITW5, and (d) BITW8 samples sintered at 8501C (soaking time5 2 h in all cases). BIT, bismuth titanate (Bi4Ti3O12).
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curve to higher temperatures, with BITW2, BITW5, and BITW8
compositions reaching the maximum density around 8501C
(8001C for pure BIT). Moreover, this ﬁgure also shows that
samples with x  0.05 achieve higher density values, above 98%
of the theoretical density (96% for samples with less amount of
dopant). At ﬁrst this result could be attributed to an enhanced
initial packing of the particles with the amount of dopant, i.e.
with the tungsten precursor acting somehow as a lubricant body.
However, green densities of the pellets are similar for all com-
positions (around 55% of theoretical density), so another mech-
anism should be accounting for the differences in the
densiﬁcation behavior. The answer to this question is again
found in the analysis of the microstructural evolution of the
prepared compositions. Figure 6 shows SEMmicrographs of the
different BIT-based systems after sintering at the temperature of
their maximum density. Samples of undoped BIT and BITW2
compositions show almost the same microstructure, with small
plate-like grains surrounding quite bigger platelets. Meanwhile a
more homogeneous distribution with a lower level of porosity
and a reduced grain size is observed for BITW5 and BITW8
samples. Moreover, the aspect ratio (length/thickness) of the
platelets is also reduced when the dopant concentration is in-
creased, as deduced from the photos and data in Fig. 7. This will
lead to a better arrangement of the particles during the thermal
consolidation and consequently to a better densiﬁcation. Hence,
we have here two complementary effects that could be attributed
to the presence of tungsten when incorporated into BIT particles
by surface doping: it controls the grain growth processes (size
and shape of the platelets) and by doing so it also assists in the
densiﬁcation of the material. In other words, in the absence of
dopant as well as for low doping levels, the formation of the
transitory liquid phase leads to exaggerated grain growth of the
platelets and poor densiﬁcation behavior. However, when the
level of dopant is increased (x  0.05) microstructural control is
achieved, which is effective even for high temperatures (Fig. 7).
In fact, this is straight related to the limit of W (VI) solid so-
lution into the BIT lattice, which in a previous contribution was
found to be around x5 0.05:18 below this limit a simple solute
drag mechanism controls the speed of mass transport for grain
boundary migration, but above this limit the dopant segregates
to the boundaries and by a pinning effect19 it impedes the per-
colation of ab planes of the platelets, so reducing their aspect
ratio in spite of the presence of the liquid phase.
Finally, all these microstructural features should ﬁnd corre-
lation in the electrical response of the materials. Figure 8
illustrates the Arrhenius plots of the electrical conductivity for
BIT-based compositions sintered at maximum density. As ex-
pected, bulk electrical conductivity decreased with the amount
of donor dopant. BIT and BITW2 compositions present anal-
ogous conductivity with a similar slope of the Arrhenius plots,
indicating that at this low doping level no substantial changes
are produced in the conduction mechanism. However, when
doping increases up to x5 0.05 (limit of solid solution) a reduc-
tion of charge carriers is produced that decreases the electrical
conductivity by 2–3 orders of magnitude. Also a change in the
slope of the Arrhenius curves is obtained, indicating that a
different mechanism with different activation energy might be
controlling the electrical conductivity. Two effects explain this
improved behavior: the incorporation of W61 into the BIT lat-
tice which by decreasing both the amount of oxygen vacancies
and holes leads to a diminution in the ionic and electronic con-
ductivities, and the above-mentioned microstructural control
which by decreasing the aspect ratio of the platelets reduces also
the conduction mainly in the ab planes.
IV. Conclusions
To summarize we have proved that when BIT powders are ob-
tained by a coprecipitation route, a small amount of secondary
Bi12TiO20 phase is also present, which on sintering leads to the
formation of a transitory liquid. As a consequence, these pow-
ders sinter at temperatures 2001C lower than in the case of con-
ventional solid-state processing, but at the expense of an
exaggerated growth of BIT platelets. This anisotropic growth
can be, however, controlled by surface doping the coprecipitated
BIT particles with WO3, which mainly acts over the aspect ratio
(length to thickness) of BIT grains. This, in addition to the do-
nor effect of tungsten, ﬁnally leads to a decrease of the electrical
conductivity of these ferroelectric ceramics.
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